Quinoxaline antibiotics are secondary metabolites produced by several species of streptomycetes. Structural features common to all members of the group include a heterodetic cyclic octadepsipeptide bearing two symmetrically or quasi-symmetrically disposed quinoxaline chromophores (Katagiri et aL, 1975; Waring, 1979) . They can be divided into two families, the quinomycins and the triostins, which differ in the nature of the bridge that crosses the peptide ring. The triostins are characterized by a simple disulphide cross-bridge. Triostin A is shown in Fig. 1 ; triostin C differs only in having L-Nydimethyl-allo-isoleucine residues in place of the L-N-methylvaline residues (Otsuka & Shoji, 1965) . These antibiotics are powerful anti-microbial and anti-tumour agents whose toxic effects have been attributed to their binding to the DNA of susceptible cells (Ward et al., 1965; Sato et al., 1967; Waring & Makoff, 1974; Katagiri et al., 1975; .
Much of the interest in these compounds has centred around their unusual sequence preferences in binding to DNA. Echinomycin (quinomycin A) displays a broad preference for binding to DNA species rich in (G + C) residues (Wakelin & Waring, * To whom correspondence and requests for reprints should be addressed. 1976). Triostin A retains this GC preference, but it is much less marked (Lee & Waring, 1978a) . TAN-DEM, a synthetic des-N-tetramethyl analogue of triostin A, shows a pronounced selectivity for (A + T)-rich sequences in DNA (Lee & Waring, 1978b) . The validity of these conclusions is limited to a rather gross description of the DNA-binding behaviour of the ligands, however, because the techniques employed to measure binding have generally lacked sufficient sensitivity to provide data below r values (antibiotic molecules bound per nucleotide) of about 0.02. On the other hand, experiments measuring the dissociation of quinoxaline antibiotics from DNA have also indicated the occurrence of different classes of intercalative binding sites , reflecting the presumed existence of sequence selectivity.
The chief purpose of the present study was to develop a method for investigating the binding of these ligands to DNA at low ('biologically Streptomyces triostinicus, and then to produce the ligand with sufficiently high specific radioactivity for use in solvent-partition experiments (Waring et al., 1975) . Next, the properties of the radiolabelled antibiotics were carefully examined to verify consistent behaviour compared with previous results. That done, we sought to extend the existing binding isotherms for triostin A to much lower levels, where deviations from the predicted curves due to sequence selectivity should be more apparent. A related objective was to investigate whether better evidence might be adduced as to the possible existence of co-operativity in the interaction between quinoxaline antibiotics and poly(dA-dT) (Lee & Waring, 1978a, b; Fox et al., 1982) . Finally, we took advantage of the increased sensitivity of the radiochemical assay to determine accurate DNA-binding curves for triostin C, which has not previously been amenable to detailed investigation because of its very low water solubility (Lee & Waring, 1978a ).
Materials and methods
Calf thymus DNA (highly polymerized sodium salt, type I) was obtained from Sigma Chemical Co., St. Louis, MO, U.S.A. Bacterial DNA species were prepared by a modification of the method of Marmur (1961) as described in Lee & Waring (1978a) . For the measurement of binding curves all natural DNA samples were sheared to a standard molecular weight by drawing a solution (2mg/ml in 2.5 M-NaCI) twenty times through a no. 27 needle at 0°C (Pyeritz et al., 1972 (Wakelin & Waring, 1976) . Solvent-partition analysis was conducted using either pure isopentyl acetate (IPA) or an isopentyl acetate/n-heptane mixture (1: 1, v/v) designated '50/50 IPA/heptane' which was prepared as described by Lee & Waring (1978a (Shirling & Gottlieb, 1966 photometer, using the absorption coefficients of 12100 litre-mol-h cm-' (triostin A) and 13800 litre* mol-I* cm-' (triostin C) given by Lee & Waring (1978a) . Duplicate portions of this antibiotic solution of known concentration were dried on to GF/D filters and counted for radioactivity as described above. The specific radioactivity of triostin A on the first day was found to be 21.8 x 106 d.p.m.,umol-h; that of triostin C was 21.7x 106 d.p.m. *,umol-h. The specific radioactivity on subsequent days was calculated from the known half-life of 35S (87.4 days).
Partition coefficients
By way of a final check on the purity of the labelled material, and as an essential preliminary before investigating the consonance between results obtained by spectrophotometric and radiochemical methods, the partition coefficient of triostin A between isopentyl acetate and 0.01 SHE buffer was determined by using the labelled material. Samples were prepared and treated as described by Waring et al. (1975) Waring et al. (1975) , providing further proof of the purity of the material. For triostin C, preliminary experiments suggested that the partition coefficient between isopentyl acetate and 0.01 SHE buffer was greater than 5000. This is much too high for practical purposes, lying well outside the range recommended by Waring et al. (1975) . However, addition of n-heptane reduced the partition coefficient, since the antibiotic is completely insoluble in it. The mixture '50/50 IPA/heptane' was chosen as the organic phase and the partition coefficient of triostin C between this solvent and 0.01 SHE buffer was determined to be 1210+ 150.
Solvent-partition analysis
The experimental procedure was as previously described (Waring et al., 1975) , except that the volume of the organic phase was decreased to 0.6 ml or 0.3 ml in order to conserve material and the aqueous, DNA-containing phase was 1.5 ml. Various DNA concentrations were employed in different experiments as described in the legends to Figs. 3-5 (below). Samples were shaken in siliconetreated glass-stoppered tubes for 1 h at 200C to establish equilibrium, after which the phases were separated by centrifugation in an MSE Minor bench centrifuge at 3000 rev./min (r 15cm) for 30 min. (0) and n. An estimate of the success of this program at fitting the data could be obtained by using different initial guesses of n, both above and below the actual value, and comparing the different values of K(0) and n obtained; generally these varied by less than 5%. The second program used a modified Marquardt method, as implemented in the Harwell library routine VBOlA in the Cambridge University computer. This program was able to provide estimates of K(0) and n together with standard deviations, and has also been adapted to fit eqn. (15) where R = V{[1-(n+ 1)r1+4cor(1-nr)} Each experimental point was weighted in proportion to the inverse of the corresponding free antibiotic concentration. Repeated trials were made with different initial estimates of parameters, but these had no significant effect on the final values obtained. It should be noted that whereas binding data are presented in the form of Scatchard plots, having the dependent variable on both axes, the isotherms were calculated (by both programs) by using the experimentally determined values of r and c.
Results
Triostin A Scatchard plots for the interaction between triostin A and calf thymus DNA determined by using the radioactive antibiotic are illustrated in Fig.  3 . Fig. 3(a) shows a composite of data obtained by both the radiochemical and spectrophotometric methods; the curve drawn is that determined by Lee & Waring (1978a) Fig. 3(b) (10) of McGhee & von Hippel (1974) and is characterized by the parameters K(0) = 0.76 + 0.02 pM-I and n = 7.8 + 0.2. yielded K(0) = 0.67 + 0.03,UM-1 and n = 7.0 + 0.2, whereas fitting the radiochemical data alone yielded K(0) = 0.76 + 0.02,Mm-1 and n = 7.8 + 0.2. It is worth noting that the lowest level of binding measured corresponds to r = 0.0008, much lower than that previously achieved by spectrophotometric means.
Scatchard plots for the binding of triostin A to Micrococcus lysodeikticus DNA and to poly(dA-dT) are shown in Fig. 4 Lee & Waring (1978a) , consistent with the view that the drug is binding selectively to a small subset of preferred sites on the DNA lattice. A best-fit curve to the spectrophotoVol. 211 metric data alone yielded K(0) = 1.05 + 0.06pM-1 and n = 7.4 + 0.2, whereas applying the same procedure to the radiochemical data alone yielded K(0) = 1.55 +0.110M-1 and n = 10.2+0.4, revealing a 48% increase in the apparent binding constant (P <0.01). The experiments on binding to poly-(dA-dT) were undertaken in order to permit an objective decision between the suitability of cooperative and non-co-operative binding isotherms (Fig. 4b) . It is noticeable that nearly all the radiochemical data points lie well below the nonco-operative curve calculated by Lee & Waring (1978a) , as would be expected for a co-operative mode of interaction at low binding levels. This conclusion seems more likely if we compare the results with those obtained for the two natural DNA species (Figs. 3 and 4a) , where the deviation from the predicted curve clearly lies in the opposite, upwards, direction. Combining the spectrophoto- Lee & Waring (1978a) ; they represent two possible extremes of interpretation of the original spectrophotometric data points (0): either a best fit to the non-co-operative model defined by eqn. (10) of McGhee & von Hippel (1974) characterized by the parameters K(O)=0.96+ 0.lOum-1 and n=4.7+0.3 (the concave-upwards curve); or alternatively a best fit to their model which allows for a degree of co-operativity defined by the parameter co = 6.2 with K(O) = 0.8,um-p and n = 7.5 (the 'humped' curve). metric and radiochemical data sets and subjecting them to the Marquardt-Harwell procedure for a best fit to eqn. (15) of McGhee & Von Hippel (1974) yielded the result K(0)=0.78 + 0.08#Um-1, n = 7.1 + 0.5 and co = 6.1 + 2.0, in excellent agreement with the predicted co-operative binding curve (Fig. 4b) .
Triostin C
The results of five series of experiments on the interaction of triostin C with a variety of natural DNA species and poly(dA-dT), measured by using the radioactive antibiotic, are presented in Fig. 5 (Lee & Waring, 1978a) are listed in Table 1 . It can be seen that the relative order of binding constants for the two antibiotics among the various DNA species is quite similar, with triostin C binding to each more tightly than triostin A. The only exception to this trend occurs with poly-(dA-dT), which evidently binds triostin C less tightly than do any of the natural DNA species. There appears to be a very good correlation between the binding constant for triostin C and the gross base composition (G + C content) of the DNA species. poly(dA-dT) the concentration was 41 UM. Table 1 . DNA -binding parametersfor triostins A and C K(0), the intrinsic association constant, and n, the number of nucleotides occluded by the binding of one molecule, were calculated from an analysis of the data in terms of eqn. (10) of McGhee & Von Hippel (1974) . The results shown for triostin A are taken from Lee & Waring (1978a) The increased sensitivity afforded by using radioactively labelled material has widened the range of antibiotics whose binding can be investigated by the solvent-partition method. Accurate binding studies with triostin C have not previously been possible because of its extremely low (<1 pM) aqueous solubility (Lee & Waring, 1978a; Waring, 1979) , and a variety of new semi-biosynthetic analogues of the natural quinoxaline antibiotics are available for study (Gauvreau & Waring, 1983; Cornish et al., 1983) . The binding constants determined for triostin C with various natural DNA species fall in the same ranking order as seen with triostin A, and are uniformly higher than those of triostin A as predicted on the basis of the slower dissociation time constants measured for triostin C.
Unfortunately much of the data collected at low binding levels is too scattered to yield a reliable estimate of either the frequency of high-affinity binding sites on the DNA or co-operative (allosteric) interactions at low occupancy. We are uncertain about the origin of this scatter, but are confident that it does not arise from sampling or counting errors, though admittedly there are fewer total radioactivity counts in the data obtained at low binding levels. A possible source of scatter could lie in the purity of the DNA samples, since traces of impurities (RNA or protein) might affect the binding at low levels, whereas the resulting deviations would be insignificant at higher levels of binding. However, it is difficult to see why impurities should provoke an apparent increase in the strength of binding at low levels, and no systematic variations in values of r were noted when different preparations of DNA were employed.
At all events, it is clear that if any allosteric effects occur at low binding levels they are much less pronounced than those reported for the interactions of actinomycin D and netropsin with DNA (Winkle & Krugh, 1981; Dattagupta et al., 1980) . Both sets of binding data determined for triostin A with natural DNA species yield a steeper curve than predicted at low levels of binding, consistent with the view that there is heterogeneity in the binding sites available, such that at low occupancy the drug binds selectively to a few tight sites. The fact that this deviation from the predicted curve is not large, less than a factor of 2, may be accounted for when we consider that triostin A is known to be the least sequence-selective of the quinoxaline antibiotics (Lee & Waring, 1978a) , displaying only a 2.5-fold variation in its binding constant for natural DNA species (Table 1) . Moreover, presented evidence from kinetic studies that tight binding sites are only present in very small quantities, and these may well be swamped b3 the large excess of sites having lower affinity, even at low binding levels.
The present results emphasize the importance of measuring accurate binding isotherms at low levels of occupancy, and establish that the preparation of radiolabelled antibiotics is an invaluable tool for this purpose. It will be interesting in future to apply these techniques to ligands such as echinomycin or TANDEM, both of which are believed to be endowed with considerable sequence selectivity (Wakelin & Waring, 1976; Lee & Waring, 1978b) .
